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1 Abstract

First of all, let’s explain the domain of ”bilateral teleoperation”: the prefix
"tele” means ”in remote”, so, ”teleoperation” means ”remotely operating”.
The notion of teleoperation refers to the human capability to move objects
by remote operation.

Usually, this teleoperation is performed by a joystick at the operator’s side -
this sub system is called the master - and this joystick’s motion commands
to the remotely operated system - this sub system is called the slave. In
a general setting, the operator applies a force on the master joystick which
results in a displacement that is transmitted to the slave sub system that
mimics that same movement. When the master sub system is also controlled
by a controller which receives feedback signals from the slave sub system,
the teleoperator is said to be controlled bilaterally.

Historical time line of the bilateral teleoperation domain researches can
be found in ”Bilateral teleoperation: An historical survey”, by Peter F.
Hokayem and Mark W. Spong.

Many researches in this domain included consideration of the delay which
is always present because of communication means between the master and
the slave (in both directions). These delays might influence the stability of
the system and can even lead to instability.

The main goals for the designer of a bilateral teleoperated system are:

- maintain stability of the system,

and

- optimize the coupling between the master and the salve sub systems. This
is sometimes called the ”telepresence”.

Most of the research works that have been performed were passivity based
methods, which ensured Robust Stability of the system, despite the above
mentioned delays. These methods were not intuitive for the telepresence
optimizing. There were in the past research works on Optimization of the
telepresence - for example ”Teleoperation controller design using H* op-
timization with application to motion-scaling”, by J. Yan and S. Salcud-
ean. Nevertheless, the Optimization research work has not been developed
enough, due to the problems caused by the delays. The consequence was
that the solutions found were not satisfying of not easy to work with. In the
last years, efforts were provided in order to find solutions for the problem of
bilateral teleoperation with delays - for example ” Decentralized H? optimal
control of delayed bilateral teleoperation systems” by Maxim Kristalny and
Jang Ho Cho. This reopened the subject of finding criteria for optimization



of the telepresence. Therefore, the question of which criteria should be used
for the telepresence optimization is to be answered. In this document, the
delays were not considered, in order to simplify the model, and its aim is to
find and compare criteria for the telepresence optimization.

In bilateral teleoperation, each sub system (master and slave) can be
controlled by its own Controller - the system is then said to be controlled
by decentralized control. If both sub systems are controlled by the same
controller, the system is said to be controlled by centralized control.

In this document, a case study of bilateral teleoperation is exposed, con-
trolled by centralized control, in which the whole system is controlled by
the same unique controller. The system includes the master and the slave
sub systems and both of them are modelled by a simple and same joystick
which can be manipulated by a simple DC motor.

The modelled system does not consider the delays which would obviously
exist in a real system.

The aim of this document is to check criterions for coupling of the master
and the slave optimization, or in other terms, check criterions for telepres-
ence optimization - while always maintaining the stability of the system.
The theory used in this document has been developed in ”Decentralized
H? optimal control of delayed bilateral teleoperation systems” by Maxim
Kristalny and Jang Ho Cho.



2 Modelling Part

2.1 Master System Modelling

The Joystick is modelled by a simple aluminium beam, while its length (L)
and the radius (r) of its section have been chosen arbitrary. The angular
stiffness (kT) and angular damping (cT) at the bottom of the Joystick have
been taken into consideration.

The angular moment of inertia (J) is then calculated, using also the density
of aluminium(see Figure 1).

Assuming that in the master’s side, the Operator’s hand is modelled by
a simple mass-spring-damper system [mq, k1,c1]. The coordinates of the
system are x and 6 while:

- x is the horizontal position of the "hand system” m - assuming oscillations
of the joystick small enough, no vertical motion of this system is taken into
account,

- 0 is the angular inclination of the joystick.

Jim

Figure 1: Model of the Master system

Parameters definition and values:
Joystick parameters:
L =0.1 [m], r=0.015 [m]
kT = 0.48 [N/rad] , cT = 0.1 [N.sec/rad] ; (values explained later on)



p = 2700 [kg/m3], M = px L7 *r?
J=1/4«M*r2+1/3% M * L?

Master’s hand parameters:

my = 1 [kg], ¢ = 3 [N.sec/m], k1 = 200 [N/m]

Let’s find the equations of motion of the Master system, depicted in
Figure 1.
The two states of the Master system are (6, x).

Jof + cr0 + kr0 = M + 1(c1(& — Lcos 00) + ki (x — Lsin6)) (1)
miZ + c1 (¢ — lcos00) + ki(z — Isinf) = Fy
Linearizing by using the fact that theta will stay small enough in order
to assume:
cos(f) ~ 1
sin(0) ~ 0
We get:
Jo0 + 10 + kp® = M + I(c1 (& — 10) + k1 (w — 1)) @)
mix + C1(i' — l@) + /ﬁ(w — 19) =Fy
Performing the Laplace transformation (with initial conditions equal to
zero):

(Jos? + s + k)0(s) = M + I(c1s + k1)x(s) — 1*(c15 + k1)0(s) (3)

(m1s? + c15 + k1)z(s) — l(c1s + k1)0(s) = Fy
After few algebraic calculus, we get:

0=0(Fy,M):
l(c1s + k1)
0 = F,
(5) (Jos? + ers + kr)(mis? + c1s + k1) + Pmq(c1s + kq)s? o(s)
2
mi1s° +c1s+ kq
M (1)

_|_
(Jos? + crs + kr)(mys? + c1s + k1) + 12my(c18 + ki) s?
and x = z(Fy, M) :

(J()S2 +crs + kT)(m132 +c18 + kl) + l2m1(018 + k1)82 + 12(618 + k1)2
(m1s? 4+ c15 + k1)[(Jos? + crs + kr)(m1s? + c1s + k1) + 12ma(c1s + k1) s?]

l(c1s + k1)
M 5
Jos? + crs+ kr)(mis? + c1s + k1) + Pma(c1s + k1)s? (5) (5)

Fo(s)

(s)

T



Let’s assume that the master’s and the slave’s joysticks are driven by
DC motors.

Parameters of the DC motor:
Km = 72.6e-3; motor’s torque (armature) constant
Kb = 24.2¢-3; motor’s back electromotive force (emf) constant
R = 2.21; motor’s windings resistance
N = 1; transmission between motor’s shaft to Joystick angular velocities

The Closed Loop from M - the motor’s Torque - to V - the input Volt-
age - is:

Wis) - N*Km . i)
L.s+R

Transfer Fon

Kb theta.s
—  l—
N M
Transfer Fen2 Transfer Feni

Figure 2: M/V closed loop

Then, assuming that L~0, the resulting transfer function is:

M KnN[(Jos? + crs + kr)(m1s? + c1s + k1) + Pmy(c18 + k1)s?]

Vo [(Jos? 4 crs 4 k) (mys? + c1s + k1) + 2my(c1s + k1)s2 R + K Kys(mys? + c15 + ki)

(6)
Therefore, considering results (4) and (6), we get:
0= G(Fo, V) :
0(s) 0(s) M(s)

0 =

M MO RS TENTE

Determination of kT:
The aim is to get a maximum angle of the joystick of 60°when the input
Force of the Hand of the Operator has been taken as equal to 5 N. For this
simulation: ¢T = 0. Then, in steady state, kT must verify:

ETOpmer = 5l
KT = 0.48



Determination of the value ¢T has been done using simulink.

The aim is to get a behavior of the joystick near to normal behavior of
a real joystick: with few oscillations. Again, the input Force of the Hand of
the Operator has been taken as equal to 5 N.
The Simulink model used:

T — =
File Edit View Simulation Format Tools Help
Ded& & 2|+ i “p mf0e |Nomal -

To Workspace

Clogk

G_M_thFe

LTI System

Ready [100% B! B! [odets A

Then, computing the response of  with few values of cT, we get:

8, caused by F_=3N
90 T T T T T T T T T
c=005
c=01 H
i imili15
70r B

a0

[=nhg 5

S0+ i q

g_in degrees

m

1) .
ar .

20F A

Figure 3: Finding cT value

By fine tuning, the required value has been found: ¢T=0.1 [N.sec/m].



2.2 Slave System Modelling

The Slave System is modelled exactly same as the Master System has been
modelled in section 2.1, while the forces provided by the Operator for the
Master are provided by the Environment for the Slave and the modelling of
the hand of the Operator is kept for the Slave and refers to a transmission
which would exist in the Slave System.

3 Analysis of the centralized system

We will know perform analysis of the centralized system: the Master and
the Slave will be controlled by the same MIMO Controller. This analysis
will be performed without any time delay.

Several criterions will be checked for this purpose:

- Criterion 1: Coupling between the master and slave direclty

- Criterion 2: Coupling between the master and slave via a Virtual Mass
System.



3.1 Criterion 1: Coupling between the master and slave di-
reclty

The Block Diagram of the System is:

Um= "'o"."n
¥
F
— B | Master System B -
Y
AB
- C-:j Centralized
i Controller
F
— = » Slave System B >
'
Us =V

Figure 4: Criterion 1 - Block Diagram

So, the I/0 of this system are defined as:

a. z = [AB, up, us]’, while A0 = 0,,, — 0
b. w = [Fom, Fos]'

c. y=1[0m,0s)

d. u= [V, Vs



And the Generalized Plant shall reflect:

=
[=¢]

'y

'Y

U.

'y

B

Generalized
Plant

'Y

[

A

-_ N
Us = Vs

Y

Figure 5: Criterion 1 - Generalized Plant

Y

Centralized
Controller

&

10




So, the resulting Generalized Plant is:

GMthF _GsthF GMthV _GSthV
O 0 0 1 0
1
GGP = 0 0 0 1
GMthF 0 GMthV 0
0 GSthF 0 GSthV

In order to synthesize the Optimal Controller for this criterion, we will use
the H infinity synthesis, by using the hinfsyn function in Matlab.

Let’s recall that in order to be sure that the Controller synthesized by
the hinfsyn function of Matlab is effective, the system must verify four as-
sumptions (while A B,C,D are the state space matrices of the system):

1. Al - (A B) stabilizable - this is checked by: rank(ctrb(A,B)) =4 - OK
2. A2 - (A,C) detectable - this is checked by: rank(ctrb(A,C’)) = 4 - OK
3. A3- D, «xD12=1- 0K

4. A4 - Dy, « D213.A3 # 1 - NOT OK!

In order to work with a conventional system, we must modify the system
so that the fourth assumption will be checked.
Adding noise in the measurements of 6,, and 6, shall solve this issue. More-
over, this is also more realistic to consider noises of the measurements.
This addition modifies the w and y vectors of the Generalized Plant:
w = [Fom, Fos, 16, n6,)
Yy = [0m +ng,,,0s + ngs]/

11



The Generalized Plant with the a.m. noises becomes:

AB Fn
Kk
- Um i
Z - Ny
Ug _ - Ng
-+ Generalized -
Plant
-~ Um= Ym
Bm+ Np
y B:+ Ny - Uz = Vs
L S —
Centralized
Controller

Figure 6: Criterion 1 - Generalized Plant with noises

The resulting Matrix for the Generalized Plant is:

GMthF _GsthF 00 GMthV _Gsthv
@ 0 0 0 0 1 0
1
GGP = 0 0 0 0 0 1
GMthF 0 1o GMthV 0
0 GSth 01 0 GSthV

Let’s try to use this Generalized Plant without any Weight functions on
the minimized outputs (z).
Using the H infinity synthesis - hinfsyn function in matlab - we get the fol-
lowing Controller:

o 001611 [-1 1
~ (s+0.8588) |1 -1

12



Plotting the step responses:

6m caused by Frn =154, F5 =0M

15 T T T T
clozed loop
5 gl — — —openloop Y
2
[=3
g oost J
D 1 1 1 1
1] 05 1 15 2 25
Time (seconds)
xma 65 caused by Fm=5N,F5=DN
15
............................................................ cloged loop
w 1F ~
=
E]
[~}
g oost i
i 1 1 1 1 1 1 1
1] 1 2 3 4 5 5} 7 g

Time (seconds)

Figure 7: 8,, and 0, caused by Force of the Operator’s hand

The response of 6, is the same in Open Loop and in Closed Loop.
Therefore, the Controller ”does not work”.

We must add weight functions, so that the Controller will consider the
A# more important to minimize than the Control Outputs u,, and wu,.
We will also add weight functions for the noises of the angles’ measurements
because noises are known to be significant only in high frequencies. The
weight functions on A# will be chosen as a Low Pass Filter so that it would
be significant only for low frequencies. Obviously, the Controller cannot be
able to reach the required coupling in too high frequencies.

After adding weight functions:
Wap = (s+300)/(s+ 1)
Wu,, = Wy, =0.2
Whe, = Whn,, = (s+1)/(10 % (s + 1000))

13



The bode amplitude diagram of the weight on the coupling target A6 is
then:

Bode Diagram
a0

45 -

Magnitude (dB)

ha ha [ Ly =
o L =} o (=3
T T T T T

n
T

10° 107 10° 10’ 10 10 10
Freguency (radis)

Figure 8: Wy Bode amplitude diagram

And the bode amplitude diagram of the weight on the noise is then:

Bode Diagram

=20 T

=0k

an b

Magnitude (dB)
i
{=}
T

-E0

7ok

a0l - . : . Y R S
10 10 10 10 10 10 10 10
Frequency (radis)

Figure 9: W, and Wy, Bode amplitude diagram

Om

14



The Generalized Plant becomes:

WaoGumye —WaoGsyp 0 0 WaoGmy,y —WaoGs,,y
" 0 0 0 0 W, 0
Gop = 0 0 0 0 0 W,
GMthF 0 anm 0 GMthV 0
0 Gs,p 0 W, 0 GSiy

Using the H infinity synthesis - hinfsyn function in matlab - we get the
following Controller:
-1 1
1 -1

2505.658(s + 1000) (s + 346) (s + 7.178)(s2 4 12.08s + 147.9)

o =
(s + 352)(s + 1)(s% — 22.95 + 298.4) (s + 180.2s + 1.57¢04)

3.1.1 With F,,, =5N and F; = 0N

Plotting the step responses:

em caused by Fm =15, F5 =0M

15
closed loop

Gl ] — — — open loop master 4
. s
= s
z -
E g s s 5

¥
i
D 1 1 1 1
o 0s 1 15 2 25
Time (seconds)
65 caused by Fm =1aM, F5 =0M
15
closed loop

ks — — — open loop slave ||
=
=
=
[=X
B i S S e 4

In] 1 1 1 1

1] 05 1 1.5 2 25

Time (seconcs)

Figure 10: Criterion 1 - F,, = 5N and Fs = 0N - 6, and 6,

15



U caused by Fm =15, F5 =0M

10 closed loop

5tk i

Amplitude

1] 01 0z 03 0.4 0s 0e o7 0.3 ng 1
Time (seconds)

u, caused by Fm =M, F5 =0M

Amplitude

o 0.4 0.2 0.3 0.4 05 0E o7 U] 08 1
Time (seconds)

Figure 11: Criterion 1 - F;,, = 5N and Fs = ON - u,, and us

In order to check that the criterion for minimizing A8 has been solved,
let’s plot 6,, and 65 on the same graph:

Step Responze

T T T T T
em cauzed by Fm = 1M, F5 =0M
: 65 cauzed by Fm=5N,F5=DN
08 ~
L
=
£ 06 =
g
04 4
02t B
i 1 1 1 1 1
1) 0.5 1 1.5 2 25 3

Time (seconds)

Figure 12: Criterion 1 - F;, = 5N and Fs = ON - Both 6,, and 6,

16



When looking at the plots of 6,,, and 65 , we can see that the closed loop

system behaves differently than the open loop system. Since our criterion
requires the closed loop behaviour of 8, and the closed loop behaviour of 0,
to be equal. Then, the Controller ”creates” a new system which the Master
and the Slave ”sense” to be the real system: this system will be named as
the effective system.
Let’s model this system as we modelled the master (and the slave): a Joy-
stick with its DC motor and a force applied at the opposite end of the
joystick, by the same modelled hand (simple mass-spring-damper system).
The parameters of the "hand’s system” will be kept. Let’s find the param-
eters which characterize the joystick itself, in terms of Je, ce, ke.

The Force applied on this effective system would be the vectorial sum of
the Master’s and the Slave’s forces.
Therefore, in the previous simulation: F,=5N.

Intuitive guess: ke=kn+ks
Taking:
- Je = 0.5 % (J, + J5) (found by trial and error)

- Ce = Cm+Cs

Step Responze
T T T T T

6,“ caused by Fm =M, F5 =0M
as caused by Fm =ah, Fs =0n
6e cauzed by Fe =N

0sr B

06 ~

Amplitude

02 ~

i} 1 1 L 1 1
0 05 1 15 2 25 ol

Time (seconds)

Figure 13: Criterion 1 - F,,, = 5N and F; = ON - 6,

17



The greatest Control Output that can be used with our experimental
system is Vipgr = 12V.
This is the maximum Control Output that we got in the previous simula-
tion, so we will not be able to get better behavior of the system with this
criterion.
Let’s check the behavior of the system with several inputs, i.e. varying the
values of F},, and Fj:

3.1.2 With F,, = F; =5N

Plotting the step responses:

6,“ caused by Fm =aM, F5 =3aM

15
closed loop
ol — — — apen loop master Y
=
=
=
[=X
g osp 4
In] 1 1 1 1
1] 05 1 1.5 2 25
Time (seconcs)
65 caused by Frn =15, F5 =5
1.5 T T T T
closed loop
gl — — — open loop slave 4
2
=
[=3
g oost J
D ] 1 1 1
] 05 1 1.5 2 25

Time (seconds)

Figure 14: Criterion 1 - F,,, = 5N and Fs = 5N - 6, and 6
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U caused by Fm =15, F5 =1Ih

T T T T T T T T T
2 [ 1
2 0
[~
g | _
A0k il
1 1 1 1 1 1 1 1 1
1] 01 0z 03 0.4 0s 0e o7 0.3 ng 1
Time (seconds)
u, caused by Fm =M, F5 =M
T T T T T T T T T
10 cloged loop
w 9T T
=
2 0
[*X
g sl _
A0k i
1 1 1 1 1 1 1 1 1
a 0.1 02 0.3 0.4 05 0.8 a7 0. 043 1

Time (seconds)

Figure 15: Criterion 1 - F;,, = 5N and Fs = 5N - u,, and us

In order to check that the criterion for minimizing A8 has been solved,
let’s plot 0,, and 05 on the same graph, together with the effective System

in Open Loop:

19



Step Responze

$m caused by Fm =3, F5 =3M
ax caused by Fm =5M, Fx =4aN
ee cauzed by Fe =10K

05+ Ll

0

Amplitude

04t -

nzr B

o I I I I I
1] 05 1 15 2 25 3

Time (seconds)

Figure 16: Criterion 1 - F,, = 5N and F; =5N - 6,

In the above case, the forces applied on the master’s joystick (by the op-
erator’s hand) and on the slave’s joystick (by the environnement) are equal.
This is the reason why the Control Output are so ”tiny”: because of the
symetry of our case, even in Open Loop, the responses are equal: the Con-
troller does not have anything to do at all (also explains why the open loop
and closed loop responses are fitting and why the 6, and 0, are exactly the
same).

20



3.1.3 With F,, =2 and F; =5N

Plotting the step responses:

em cauzed by Frn =2NM, Fx =45

15 T T T T
clozed loop

1k — — — open lnop master ||
k=
=
[=3
L T Y e S s Dy e e ]

e s
L
Nl 1 1 1 1
1] 05 1 1.5 2 25
Time (seconds)
65 causzed by Fm =N, F5 =5n
1.5 T T T T
o 1
=
E]
[~}
E 05+ & clozed loop H
b, — — —open loop slave
D 1 1 1 1
1) 0s 1 1.5 2 25

Time (geconds)

Figure 17: Criterion 1 - F,,, = 2N and Fs = 5N - 6, and 6,

U caused by Fm =N, F5 =1Ih

clozed loop

Amplitude

stk i

1 1
1] 01 0z 03 0.4 0s 0e o7 0.3 ng 1
Time (seconds)

u, caused by Fm =2NM, F5 =M

18- closed loop

sl =

Amplitude

1 1
u} 04 0z 03 04 ns 0& oy 0 08 1

Time (seconds)

Figure 18: Criterion 1 - F;;,, = 2N and Fs = 5N - u,, and ug
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 6,, and 85 on the same graph, together with the Effective System
in Open Loop :

Step Responze
T T T T T

am cauzed by Fm =N, F5 =5M
65 causzed by F,n =2, F5 =aN
ae caused by Fe =7H

0 B

0eF 4

Amplitude

04} .

nzr 4

o I I I I I
o 05 1 15 2 25 3

Time (seconds)

Figure 19: Criterion 1 - F,, = 2N and F; =5N - 6,

In the above simulation, the Controller has reached an almost perfect
coupling between the master and the slave systems, while the Control Out-
puts are kept below the limit of 12V.

22



3.1.4 With F,, = F;, = 5N, with time delay

This time, the force applied on the slave system - F§ - will be applied with
a time delay of ¢ = 1.5sec, which seems to be close to settling time:

&, caused by F = 5N, F_ = 5 N with delay of 1.5 sec

45 T T T T T
s 1F e
k=4
2
=
E 05| closed loop
— — —open loop master
a 1 1 1 I 1
[u] 0.3 1 155 2 235 3
Time (seconcs)
o, caused by F_ = 5N, F_= 5 N with delay of 1.5 sec
15 T T T T T
o L SERPEP -
E ey
= 7
& ost Fs closed loop
¥ — — —open loop slave
o
i} 1 1 1 L 1
u] 0.3 1 1.4 2 25 3

Figure 20: Criterion
Os

Time (geconds)

1- F,, =5N and F; = 5N delayed by 1.5 sec - 6,,, and

vy cauzed by Fm =5h, F5 =5 M with delay of 1.5 sec

Amplitude

clozed loop

g
Time [geconds)

u, caused by Fm =15M, F5 =5 M with delay of 1.5 sec

Amplitude

clozed loop

Figure 21: Criterion
Us

15
Time [zeconds)

1- F,, =5N and Fs; = 5N delayed by 1.5 sec - u,, and
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 6,, and 85 on the same graph, together with the Effective System
in Open Loop:

Step Responze

T T T T T
1k +
0E - ~
L1}
=
£ 06 -
g
04 4
em cauzed by Frn =4aN, Fs =5 M with delay of 1.5 sec
5. L E)5 cauzed by Fm=SN,F5=5NW'rth delay of 1.5 zec ]
ee caused by Fm =3h, F5 =5 N with delay of 1.5 zec
] 1 1 1 1 1
a 05 1 15 2 2.5 3

Time (seconds)

Figure 22: Criterion 1 - F,,, = 5N and Fs; = 5N delayed by 1.5 sec - 6,

Again, in the above simulation, the Controller has reached an almost
perfect coupling between the master and the slave systems, while the Control
Outputs are kept below the limit of 12V.
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3.1.5 With F,, =3N and F; = —-1N

Plotting the step responses:

em caused by Frn =3N, Fx =-1M

15 T T T T
clozed loop
1k — — — open lnop master ||
k-
&
T e g R et e ey —
g oost o rametas i
o
-~
...... R e
o E 1 1 1 1
1] 05 1 1.5 2 25
Time (seconds)
65 cauzed by Fm = 3N, F5 =-1M
15 T T T T
closed loop
1k — — — open loop slave ||
2
E]
[~}
g oost i
D 1 1 1 1
o 0s 1 15 2 25

Time (geconds)

Figure 23: Criterion 1 - F;,, = 3N and Fs; = —1N - 6, and 0,

[N cauzed by Fm =3, F5 =-1K

10 closed loop

5tk i

Amplitude

1 1 1 1 1 1
1] 01 0z 03 0.4 0s 0e o7 0.3 ng 1
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Figure 24: Criterion 1 - F,, = 3N and Fs = —1N - u,, and u,
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 6,, and 85 on the same graph, together with the Effective System
in Open Loop:

Step Responze
T T T T T
em cauzed by Fm =3, F5 =-1M

65 caused by Fm =3M, F5 =-1N
ee caused by Fe =2N

0 B

0eF 4

Amplitude

04} .

i, F e BT E S R

1] 05 1 15 2 25 3
Time (seconds)

Figure 25: Criterion 1 - F;, = 3N and Fs = —1N - 6,

In this case also, the Controller has reached an almost perfect coupling
between the master and the slave systems, while the Control Outputs are
kept below the limit of 12V. Nevetheless, in order to keep this Control
Outputs’ limitation, the forces’ amplitude had to be reduced (from 5N in
previous simulations to 3N and 1N).
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3.1.6 With F,, =2N and F; = —2N

Plotting the step responses:

em caused by Frn =2N, Fx =-2M

15 T T T T
1k clozed loop
o — — — open loop master
E 05k, ... o s = PR, e =
§
05+ g
K] | 1 1 |
1] 05 1 1.5 2 25
Time (seconds)
65 cauzed by Fm =2, F5 =20
1.5 T T T T
1Lk clozed loop
i — — — open loop slave
E 05 B
P o
05l L LT R e A e o e |
4 1 1 1 1
o 0s 1 1.5 2 25

Figure 26: Criterion 1 - F,

Amplitude

Amplitude

Time (geconds)

= 2N and Fy, = —2N - 0,, and 6,

[N cauzed by Fm =2IN, F5 =-In

clozed loop

1 1
03 04 0s 0g oy 0 08 i

Time (seconds)

u, caused by Fm =2M, F5 =-2M

closed loop

u} 04

0z

1 1
03 04 ns 0& oy 0 08 1

Time (seconds)

Figure 27: Criterion 1 - F,, = 2N and Fs = —2N - u,, and u,
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 6,, and 85 on the same graph, together with the Effective System
in Open Loop:

Step Responze
T T T T T

em cauzed by Fm =2M, F5 =-2N
65 caused by Fm =2M, F5 =-2N
ee caused by Fe =0n

0s

04} -

0zr 4

Amplitude

02k ~

04t .

g .

-0 4

A I I I 1 I

o 05 1 15 2 25 3
Time (seconds)

Figure 28: Criterion 1 - F;, = 2N and Fs = —2N - 6,

In the above graph, the plot of the Open Loop of the resulting effective
System is not relevant because the force F, applied on the effective System
is equal to zero.

The Controller has reached a perfect coupling between the master and the
slave systems, while the Control Outputs are kept below the limit of 12V.
The forces applied on the Master and Slave systems have been taken again
with reduced amplitude (from 5N in previous amplitude to 2N in this sim-
ulation), in order to keep the Control Outputs’ limitation.
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3.1.7 With F,, =2N and F; = —2N, with time delay

With F,, = 2N and Fs; = —2N, but this time, F; will be applied with a
time delay of ¢ = 1.5sec, which seems to be close to settling time.

9, caused by F = 20, F, = -2 N with delay of 1.5 sec

15 T T T T T
1ofs clozed loop
— — — open loop master
= :
2
£
05 B
1 1 1 1 | 1
o s 1 135 2 23 3
Time (seconcs)
o, caused by F = 2N,F_ = -2 N with delay of 1.5 sec
15 T T T T T
1k clozed loop
” — — — open loop slave
=
2
£
1 1 1 1 L 1

o 05 1 15 2 25 3
Time (seconds)

Figure 29: Criterion 1 - F,,, = 2N and Fs = —2N delayed by 1.5 sec - 0,,
and 6,

un caugsed by Fm =N, F5 = -2 M with delay of 1.5 sec

1o clozed loop

Ampltude
o
{
L

o 0.3 1 g 2 23 3
Time [geconds)

ug caused by Fm =2M, F5 =-2 Mwith delay of 1.5 sec

T T T T T
ur clozed loop

=]

£ 0

=4

g sl J
A0f 4

1 | 1 L 1
a 0.3 1 15 2 25 3

Time [zeconds)

Figure 30: Criterion 1 - F,,, = 2N and F; = —2N delayed by 1.5 sec - un,
and ug
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 6,, and 85 on the same graph,together with the effective System in
Open Loop:

Step Responsze

T T T
em caused by Frn =2M, Fx =-2 M with delay of 1.5 sec
65 caused by Fm =2, F5 = -2 M with delay of 1.5 sec

0ar 8, caused by F = 2N, F, = -2 N with delay of 1.5 sec [
0E -
04| 4
Li}
=
2
g
02k -
04t g
<06 ~
0.8 -
Kl 1 1 1 1 1
u] 0s 1 15 2t 25 3

Time (seconds)

Figure 31: Criterion 1 - F,,, = 2N and F; = —2N delayed by 1.5 sec - 6,

In the above simulation, the Controller has reached an almost perfect
coupling between the master and the slave systems, while the Control Out-
puts are kept below the limit of 12V.

The forces applied on the Master and Slave systems have been taken again
with reduced amplitude (from 5N in previous amplitude to 2N in this sim-
ulation), in order to keep the Control Outputs’ limitation.

30



3.1.8 With F,,, =5N and F; = 0N, with less aggressive controller

Let’s see the behavior of the system with a less aggressive controller, i.e.
when maximal Control Output is 9 V instead of 12 V:
For this purpose, the weight factors of the Control Output have been mod-

ified so that: W,

Amplitude

A plitude:

Time (seconds)

= Us = 2 .
o Caused by o= SN F = 0N
15 T T T
closed loop
e e — — — open loop master
= -
03 : 4 B
7
e
0 I L L L
a 05 1 15 2 25
Time (seconds)
e‘ caused by Fm =8N, Fﬂ =0N
15 T T
closed loop
1k — — — open loop slave
05
0 I L I L
a 0s o 15 2 25

Figure 32: Criterion 1 - F,,, = 5N and Fs; = ON with less aggressive con-

troller - 6, and 6,

Amplitude

Am plitude

Uy caused by Fm =45N, Fx =0N

T
cloged loop

L
04 0s o0&
Time (seconds)

Uy caused by Fm =8N, Fﬂ =0N

o7

L L
04 as 06
Time (seconds)

a7 0 (k] 1

Figure 33: Criterion 1 - F,, = 5N and F; = ON with less aggressive con-

troller - u,, and ug
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In order to check that the criterion for minimizing A6 has been solved,
let’s plot 0,, and 65 on the same graph, together with the effective System

in Open Loop:

Step Response

T T T T T
em caused by Fm =13M, F‘ =0M
; escausedbyFm=5N‘Fs=0N
o, caused by F, = 5
08 q
o
=
2 06 -
E‘ ;
04 -
02 1
0 L L L L L
u] 0.3 1 15 2 25 3

Time [zeconds)

Figure 34: Criterion 1 - F,, = 5N and Fs = ON with less
troller - 6,

aggressive con-

Recalling the same graph with the maximum Control Output of 12 V:

Step Response

T T T T T
em cauzed by Fm =M, F5 =0M
; escausedbyFm=SN‘Fs=DN
Ge caused by Fe =5
08 q
L]
=
2 08f -
§
04t -
02 1
i} 1 1 1 Il 1
u] 0.3 1 15 2 25 3

Time (geconds)
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3.1.9 Criterion 1 - Conclusions

According to the above simulations, the Controller does reach the criteria
and A6 is closed to zero: almost perfect coupling is achieved in all cases -
except for the case with the less aggressive Controller.

Nevertheless, looking at the graphs of 6, and 65 in open and closed loop,
one can see that the controller makes the system very similar to the system
that has been defined above and called the Effective System.

This Effective System is constant: its parameters are constant and cannot
be modified with this Control optimization criterion.

Therefore, one can work with this criterion is order to reach telepresence,
but the stiffness and damping of the closed loop system cannot be modified
and this restriction might be a handicap is some cases.
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3.2 Criterion 2: Coupling between the master and slave via
a Virtual Mass System

This means that instead of minimizing A0 = 6,,, — 0, we will define a virtual
system and we will try to minimize the differences between:

- the responses of the master system and the virtual mass system,

- the responses of the slave system and the virtual mass system.

The Block Diagram of the System is:

Um= \"'lrm
Y
o .| Master O ol
| System =i
B B o
- l )
Om - & ~Fe | Virtual Mass 0 -
e e FRALEN L 2 Centralized
\f k‘T ] Controller
8\' i e5
- [- ]
| !
K 6
» Slave System -
A
u. =V,

Figure 35: Criterion 2 - Block Diagram
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So, the I/O of this system are defined as:
a. 2 = [AbOym, AbBys, Abps, U, us)’,
while Abyy, = 0y — Oy, AbBys = 0, — 05,005 = O, — 0s.
b. w = [FOm,FOS],
c. y=1[0m,0s)
d. u=[Vp, Vi

And the Generalized Plant shall reflect:

- 0,- 6,
- " an
_ 0,- 0. i
L E'm T es
pa -
- i k
Us Generalized B
- Plant
U=V,
BI'|'-"
y 0. u, =V
Centralized
Controller

Y

Figure 36: Criterion 2 - Generalized Plant
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Then, the Generalized Plant is:

[ Go,.F,, — Go,,.Fp, G, ,F, —Go,, Vin 0
Go,,F,, Go,,r, — Go,,F, 0 —Gy, v,
o Go,, . Fp, —Gy, F, Go,, v, —Go, v,
G, = 0 0 1 0
0 0 0 1
G0, P 0 G0, Vim 0
i 0 Gy, F, 0 Go, v, |

First of all, one shall remark that the degree of the Generalized Plant in this
criterion is greater than in the first criterion.

We shall know define the Virtual Mass system:

Let’s consider it as a joystick - similar to the master’s joystick.

The advantage with this criterion is that we can decide what will be the
system’s parameters, i.e. the stiffness and damping of the system can be
chosen by the designer.

The design of the Controller will set the common system - the Virtual Mass
system - that the Master and the Slave will ”try to look as”.

Joystick parameters (same as the master’s joystick):

L, = L, [m]

kT, = kT,,(= kTs) [N/rad]

cTy, = Ty, + T [N.sec/rad]

Jy = 0.5% (Jo + Js) [kg.m?]

These will be changed in the following simulations.

Then, the transfer functions are the same as the transfer functions writ-
ten for the master’s joystick.
In order to synthesize the Optimal Controller for this criterion, we will use
the H infinity synthesis, by using the hinfsyn function in Matlab.

Let’s recall that in order to be sure that the Controller synthesized by
the hinfsyn function of Matlab is effective, the system must verify four as-
sumptions (while A,B,C,D are the state space matrices of the system):

1. Al - (A,B) stabilizable - this is checked by: rank(ctrb(A,B)) = 4 - OK
2. A2 - (A,C) detectable - this is checked by: rank(ctrb(A,C’)) =4 - OK
3. A3- D}, «D12=1- 0K

4. A4 - Db, « D213.A3 # 1 - NOT OK!

As done for the first Criterion, let’s add the measurements’ noises for 6,,
and 6.

36



This addition modifies the w and y vectors of the Generalized Plant:

w = [FOvaOSvana nes]/
Y = [0 + ng,,,05 +ng,]

The Generalized Plant with the a.m. noises becomes:

» .- 08,
- ) F
e 8, - 6. -
) . R
. 8m = es s
g h ” N
— Urr' Foc
- - N
U. Generalized -
- Plant
U=V,
Bt N,
y B, +n, u, =V
Centralized
Controller

v

Figure 37: Criterion 2 - Generalized Plant with noises
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The Generalized Plant becomes:

[ Gy, F,, — Go,, Fn, Gy, F, 0 0 —Go,v, 0
Go,,F, Go,,r, —Go,r, 00 0 =Gy, v,
o G0, Fpn —Go,,F, 00 Go,v. —Go,v,
G, = 0 0 00 1 0
0 0 0 0 0 1
Go, F.. 0 10 Go,v, 0
i 0 G, F, 0 1 0 Go, v,

We shall also add weight functions as done for the first criterion:
Waby,m = Wae,,, = Wae,,. = (8 + 300)/(8 + 1)
Wu,, = Wy, =12
Whe, = Whn,, = (s+1)/(10 % (s + 1000))

ng,,

Then, perform simulations on the system:

With F,,, = 5N and Fs; = 0ON:
Plotting the step responses of the master and the slave, and checking
their both coupling with the virtual system:

am caused by Fm=5N,FS=DN es caused by Fm=5N,Fs=DN
2 2
clozed loop clozed loop
15 — — — open loop master 15 — — — open loop slave
i) Lt}
3 s o E]
5, T e T IR DO—
g / £
a5t 4 0s
u] o
a 1 2 3 [u} 1 2 3

Time (seconds) 6, caused by P =5M,F =0N  Time (seconds)

wirtual mass open loop
master closed loop
slave closed loop

15F

Amplitude

1] 0.5 1 1.5 2 25 3
Time (seconds)

Figure 38: Criterion 2 - F,,, = 5N and Fs = ON - 6,, 0,, and 0,
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U caused by Fm =15, F5 =0M

T T T T T T T T T
10 closed loop
L} 5 B 7
=
E I
g
A0k il
1 1 1 1 1 1 1 1 1
1] s 1 15 2 25 3 35 4 45 5
Time (seconds)
u, caused by Fm =M, F5 =0M
.............................................. T i : :
10 ~
B 5t clozed loop
=
2 0 4
[*X
g sl _
A0k i
1 1 1 1 1 1 1 1 1

o 05 1 1.5 2 25 3 35 4 45 =
Time (seconds)

Figure 39: Criterion 2 - F;,, = 5N and Fs = ON - u,, and us

We can see that the controller manages to minimize the vector z of the
system: 6, 0, and 0 are very close one to the other and almost equal in
steady state.

Let’s check the following cases:
1) Setting the stiffness of the Virtual Mass System kTy s as the joystick’s
system stiffness k7, but with Moment of Inertia greater than the Joystick’s:
Jvm > I
2) Setting stiffness of the Virtual Mass system smaller than the joystick’s
system: KTy < KT,
3) Setting the parameters of the Virtual Mass System equal to the effective
system’s parameters (the system found with criterion 1 analysis).

We will run simulations for:
- F, =5N and F; =0N,
and
- F, =5N and F;, = —2N.
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3.2.1 First case: Jyy > J

Setting the stiffness as the Joystick system’s stiffness kT;,,, but with Moment
of Inertia greater than the Joystick’s: Jypr > Ji,

Let’s set: Jyp = 10 % J,y,

Using the weight functions for both simulations:

Wby = Wab,,, = Wap,,, = (s +300)/(s +1)

Wu,, =Wy, =14

Whe, = Whn,, = (s+1)/(10 % (s + 1000))

The Bode Diagrams (amplitude only) of the above weight functions are
depicted in Figure 8 and in Figure 9.

With F,,, = 5N and Fs; = 0N:

em cauzed by Fm=5N,Fs=DN es cauzed by Fm=5N,F$=DN
2 2
15 closed loop 15 closed loop
— — —aopen loop master . — — — open loop slave

Amplitude
Amplitude

0.3 . : . ns . . .
o 1 2 3 4 i 1 2 3 4
Time (seconds) & causedby F = SN, F =0N  Time (seconds)
2 T T T T T T T
15 _

Amplitude

virtual mass open loop

master clozed loop

zlave closed loop
T T

0 n.s 1 1.5 2 25 3 38 4
Time (zeconds)

Figure 40: Criterion 2 - First case: Jyyr > Jp - Fip = 5N and Fs = ON -
0y, 0, and O,
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U caused by Fm =15, F5 =0M

T T T T T T T
10 closed loop
L} 5 B 7
=
E I
g
A0k il
1 1 1 1 1 1 1
1] 1 2 3 4 5 g 7 g
Time (seconds)
u, caused by Fm =M, F5 =0M
T T T T T T T
o clozed loop
=
2 J
[*X
g sl _
A0k i
1 1 1 1 1 1 1
a 1 2 3 4 5 5 7 g

Time (seconds)

Figure 41: Criterion 2 - First case: Jypr > Ji - Fip = 5N and Fs = ON -
Uy, and Ug
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With F,,, = 5N and Fs; = —2N:

em caused by Frn =15h, Fs =-2ZM 65 caused by Frnl = 5N, Fs =-2M
2 2
-~ clozed loop - clozed loop
— — —open loop master : — — — open loop slave

Amplitude
Amplitude

0 1 2 3 4
Time (seconds) & causedbyF_=5N,F =-20 Time (seconds)

2 T T T T T T T

virtual mass open loop
master closed loop
zlave closed loop

Amplitude

Time (seconds)

Figure 42: Criterion 2 - First case: Jyy > Jy - Fry = 5N and Fy = —2N -
0y, 0, and 0,
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[N cauzed by Fm =1, F5 =-In

10 closed loop

Amplitude

Time (seconds)

u, caused by Fm =M, F5 =-2M

......................... T : T T :
10 -
sk clozed loop
] o

Amplitude

Time (seconds)

Figure 43: Criterion 2 - First case: Jyy > Jp - Fry = 5N and Fy = —2N -
Uy, and ug

In the above simulations, the Controller has reached a reasonable cou-
pling (shall be confirmed by the specific system’s designer) between the
master and the slave systems, while the Control Outputs are kept below the
limit of 12V.
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3.2.2 Second case: kT1y, < KT,

We got: kT, = 0.48[N/rad], so let’s set:
KTy = 0.48/2 = 0.24[N/rad).

The weight functions have been modified in order to match the design
limitations for both simulations:
Wae,., = Wae,,, = Waae,,, = (S + 300)/(8 + 1)
Wy, = Wy, = 26
Wi, = W, = (s +1)/(10 % (s + 1000))

G,

With F,,, = 5N and Fs; = 0N:

em caused by Fm=5N,Fs=DN 85 caused by Fm=5N,F$=DN
2 2
15 closed loop
. — — — open loop slave
k] 1k}
= =
= =
g g
0 clozed loop
— — — open loop master
-0s -05 . . .
1 2 3 4 a 1 2 3 4
Time (seconds) & causedby F_ = SN, F =0N  Time (seconds)
2 T T T T T T _I R
ﬂ___——-‘——___— S
1 5 [ o S A T S S T e ‘_H_F'_'_H_'__'_,_.-a—'-"_'_'- ................................... =1
4] 1k
=
é .............................................................................
5‘? 0s |
virtual mass open loop
0 mazter clozed loop
slave closed loop
.05 1 1 1 1

0 0s 1 125 2 25 3 35 4
Time (seconds)

Figure 44: Criterion 2 - Second case: kT1lyy < kT,, - F,, = 5N and
F;,=0N -6,, 0,, and 0,
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Amplitude

Amplitude

Figure 45: Criterion 2 - Second case: kT1lyy < kT,

U caused by Fm =15, F5 =0M

clozed loop

stk J
A0k il
1 1 1 1 1 1
1] 1 2 3 4 5 g 7 g
Time (seconds)
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5
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[} =
st il
A0k i
1 1 1 1 1 1
a 1 2 3 4 5 5 7 g

Fs =0N - u,, and ug
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With F,,, = 5N and Fs; = —2N:

em caused by Frn =5h, Fs =-2M es caused by Frnl =5M, Fs =-2M
2 2
clozed loop closed loop
15 — — — open loop master 15 — — —aopen loop slave
£ £ 1
= =
5‘:: E 0s
N o e e o
-0.5 -0.5
0 2 4 E g a 2 4 g g
Time (seconds) & causedby F_=5N,F =-20 Time (seconds)
2 T T T T
virtual mass open loop
151 mazter closed loop -

slave closed loop [0 oI iiiiIiililln e ]

Amplitude

Titme (seconds)

Figure 46: Criterion 2 - Second case: kT1lyy < kT, - F, = BN and
F,=-2N -0, 0,, and 0,
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[N cauzed by Fm =1, F5 =-In

T T T T T T T
0w clozed loop
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=
é D .................................................... —
=
£ st |
A0k il
1 1 1 1 1 1 1
1] 1 2 3 4 5 g 7 g
Time (seconds)
u, caused by Fo= 5N F = -2M
T T T T T T T
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5
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£ 0 1]
[*X
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A0k i
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a 1 2 3 4 5 5 7 g
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Figure 47: Criterion 2 - Second case: kT1lyy < kT,, - F,, = 5N and
Fs =0N - u,, and ug

In the above simulations, the Controller has reached some coupling -
which does not seem so satisfying (shall be confirmed by the specific sys-
tem’s designer) between the master and the slave systems, while the Control
Outputs are kept below the limit of 12V.
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3.2.3 Improving results of the Second case - Working without
the Control Output Limitations

Let’s show that if we decide to get a bigger motor, i.e. increase the avail-
able Control Output, a better coupling between the Master and the Slave
systems can be performed with these Virtual Mass system’s parameters and
with this criterion.

The weight functions of the Control outputs have been modified in order
to achieve a better telepresence for both simulations:
Wao,,, = Wae,,, = Waae,,, = (s +300)/(s+1)
Wu,, =Wy, =1
Whe, = Whn,, = (s+1)/(10 % (s + 1000))

With F,,, = 5N and F; = 0N:

em caused by Fm=5N,Fs=IZIN es caused by Fm=5N,F$=IIIN
25 25
e P T
15 815
£ £
E- P e ] E- 1
clozed loo
05 f clozed loop 05 R
— — —open loop master — — —openloop slave
0 : : : : 0 : : : :
0 2 4 53 g 0 2 4 G i3

Time (seconds) & causedby F = SN, F =0N  Time (seconds)

25 T T T T T T T T
gl e -
S5 :
2 virtual mass open loop
= 1k master clozed loop
‘E slave clozed loop
05 =
0 ! ! ! ! | | ! !
0 1 2 3 4 5 E 7 a 9

Time (seconds)

Figure 48: Criterion 2 - Second case: kT1lyy < kT,, - F,, = 5N and
Fs = 0N - Bigger Control Outputs - 6,, 6,, and 6;
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U caused by Fm =15, F5 =0M
20 T T T T T T T T T

Amplitude

10 I I I 1 I I I I I
o 1 2 3 4 3 B T g g 10

Time (seconds)

u, caused by Fm =M, F5 =0M
30 T T T T T T T

20 ~

Amplitude

i) 1 1 ! 1 1 1 ! 1 I

o 1 2 3 4 5 =3 r g 9 10
Time (seconds)

Figure 49: Criterion 2 - Second case: kT1lyy < kT,, - F,, = 5N and
Fs = 0N - Bigger Control Outputs - u,, and us
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With F,,, = 5N and Fs; = —2N:

em caused by Frn =5h, Fs =-2M es caused by Frnl =5M, Fs =-2M

15 15
1] 1 [1k]
= =
= =
[~ [~R
E 05 clozed loop E clozed loop
— — —open loop master o \ — — —open loop slave
] -0.5
0 2 4 £ g a 2 4 E g
Time (seconds) & causedby F_=5N,F =-20 Time (seconds)
k]
=
£ ns - virtual mass open loop
E master closed loop
0K zlave clozed loop
-DS ] 1 1 I ] | 1] 1
0 1 2 3 4 5 = 7 g 9
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Figure 50: Criterion 2 - Second case: kT1lyy < kT, - F, = BN and

Fy = —2N - Bigger Control Outputs - 8, 8,, and 6,
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[N cauzed by Fm =1, F5 =-In

Amplitude

Time (seconds)

u, caused by Fm =M, F5 =-2M

Amplitude

o 1 2 3 4 5 B T ] 9
Time (seconds)

Figure 51: Criterion 2 - Second case: kT1lyy < kT,, - F,, = 5N and
Fs = 0N - Bigger Control Outputs - u,, and us

In the above simulations, the Controller has reached an almost perfect
coupling between the master and the slave systems. Nevertheless, the Con-
trol Outputs had to be increased, even until 30V instead of 12V in the
previous simulations.
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3.2.4 Third case: Using the parameters of the Effective System
found with Criterion 1

In this case, the parameters for the Virtual Mass System are those which
were found in the first criterion effective system:

- kVM:km+ks

-Jvym = 0.5 % (Jpy + Js)

- CVM = CmtCs

Using the weight functions for both simulations:
Wao,,, = Wae,,, = Waae,,, = (s +300)/(s+1)
W, =Wy, =3
Whe, = Whn,, = (s +1)/(10 % (s + 1000))

With F,,, = 5N and F; = 0ON:

em caused by Fm=5N,Fs=DN es caused by Fm=5N,Fs=DN
A5 0a
closed loop
— — — open loop master 0.4
g T el L o03 closed loop
= o =1
= = — — —open loop slave
=3 & Z
B g e dons g
/
01
i
0 1]
1] 0a 1 14 2 25 0 05 1 1.5 2 25
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o R e s e
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Figure 52: Criterion 2 - Third case: with Criterion 1’s effective system’s
parameters - F,,, = 5N and F5; = 0N - 6, 6, and 6,
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Figure 53: Criterion 2 - Third case: with Criterion 1’s effective system’s
parameters - F,,, = 5N and Fy, = ON - u,, and u;
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With F,,, = 5N and Fs; = —2N:
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Figure 54: Criterion 2 - Third case: with Criterion 1’s effective system’s

parameters - F,,, = 5N and Fy = —2N - 6,, 6,, and 6,
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Figure 55: Criterion 2 - Third case: with Criterion 1’s effective system’s
parameters - F,,, = 5N and Fy, = ON - u,, and u;

In the above simulations, the Controller has reached an almost perfect
coupling between the master and the slave systems, while the Control Out-
puts are kept below the limit of 12V.
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3.3 Third case analysis: Comparing results between Crite-
rion 1 and Criterion 2

Recalling the relevant graphs in order to compare the simulations with the
same parameters with both criterions:
With F,,, = 5N and Fs; = ON:
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Figure 56: 0, with F,,, = 5N and Fs = 0N
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Figure 57: u,, and us with F,,, = 5N and F; = 0N
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With Criterion 2:
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Figure 58: 6, 0,, and 0; with F,, = 5N and F; = 0N
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Figure 59: u,, and us with F,,, = 5N and F; = 0N

The performance of the system with Criterion 1 is better than with
Criterion 2. This is due to the fact that Criterion 2 is a method used to
approximate the real system in an artificial way.
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With F,,, = 5N and Fs; = —2N:
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Figure 60: 0. with F,,, = 5N and Fs = —2N

Un caused by F'n =13M, Fx =-2N

Amplitude

closed loop

L N, S——

u, caused by Fm =45N, Fx =

L L
04 0s 0g
Time (seconds)

-2h

Amplitude

1} a1

Figure 61: u,, and wug

L L
04 0s 0& or 0g og 1
Time (seconds)

with F,,, = 5N and Fy; = —2N

o8



With Criterion 2:
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Figure 62: 0,, 0,, and 05 with F,, = 5N and Fy; = —2N
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Figure 63: u,, and us with F,,, = 5N and Fs = —2N

In this case, the performance of the system with both criterions seem to
be similar.
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3.3.1 Criterion 2 - Conclusions

We have seen the below results for the different cases:

- First case: Jyy > Jm:
The Controller has reached reasonable coupling with the Control Output
limitation of 12V.
- Second case: kT < kT
The Controller has reached reasonable coupling with the Control Output
limitation of 30V.
- Third case: Setting the parameters of the Virtual Mass System equal to
the effective system’s parameters (found with criterion 1 analysis):
The Controller has reached reasonable coupling with the Control Output
limitation of 12V.
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4 Conclusion

The system has been simulated with several input forces on the Master and
the Slave systems, while the synthesizing of the Optimal Controller has been
performed using the following Criterions:

- Criterion 1: Coupling between the master and slave direclty

- Criterion 2: Coupling between the master and slave via a Virtual Mass
System.

We have seen that both Criterions can provide optimal coupling between
the Master and the Slave Systems, but few differences remain between both
Criterions, and those might influence the Control Designer to choose one of
these Criterions:

- With Criterion 1: Coupling between the master and slave direclty:
According to the simulations performed, the Optimal Controller reached
the target: almost perfect coupling has been achieved in all cases, when the
Control Outputs have been kept below 12V.

On the other hand, a limitation in the Control Design remains: looking at
the graphs of 6,, and 6, in open and closed loop, one can see that the con-
troller makes the system very similar to the system that has been defined
above and called the Effective System. As described above in this document,
this Effective System is constant: its parameters are constant and cannot
be modified with this Control optimization criterion.

Therefore, one can work with this criterion is order to reach telepresence,
but the stiffness and damping of the closed loop system cannot be modified
and this restriction might be a handicap is some cases.

- With Criterion 2: Coupling between the master and slave via a Virtual
Mass System.
According to the simulations performed, the Optimal Controller reached
the target: almost perfect coupling has been achieved in all cases, but the
Control Outputs have not always been kept below 12V.
This Criterion gives to the Control Designer more flexibility for the system’s
designing: the Stiffness, the Damping and the Inertia of the system can be
modified by the designer. Though this modifying of the nominal parameters
may increase the required Control Output from the Motor, this flexibility
can be a major advantage when such modifications are required.
The drawback of this Criterion is that the degree of the Generalized Plant
required for the synthesizing of the Controller is bigger that for the first
Criterion.

61



	Blank Page
	Blank Page



